The main focus of this work was to design, develop and implementation of competitively robot arm with enhanced control and stumpy cost. The robot arm was designed with four degrees of freedom and talented to accomplish accurately simple tasks, such as light material handling, which will be integrated into a mobile platform that serves as an assistant for industrial workforce. The robot arm is equipped with several servo motors which do links between arms and perform arm movements. The servo motors include encoder so that no controller was implemented. To control the robot we used Labview, which performs inverse kinematic calculations and communicates the proper angles serially to a microcontroller that drives the servo motors with the capability of modifying position, speed and acceleration. Testing and validation of the robot arm was carried out and results shows that it work properly.
Introduction
The term robotics is practically defined as the study, design and use of robot systems for manufacturing [1] . Robots are generally used to perform unsafe, hazardous, highly repetitive, and unpleasant tasks. They have many different functions such as material handling, assembly, arc welding, resistance welding, machine tool load and unload functions, painting, spraying, etc.
There are mainly two different kinds of robots: a service robot and an industrial robotic. Service robot is a robot that operates semi or fully autonomously to perform services useful to the well-being of humans and equipment, excluding manufacturing operations [2] . Industrial robot, on the other hand, is officially defined by ISO as an automatically controlled and multipurpose manipulator programmable in three or more axis [1] . Industrial robots are designed to move material, parts, tools, or specialized devices through variable programmed motions to perform a variety of tasks. An industrial robot system includes not only industrial robots but also any devices and/or sensors required for the robot to perform its tasks as well as sequencing or monitoring communication interfaces.
In 2007 the world market grew by 3% with approximately 114,000 new installed industrial robots. At the end of 2007 there were around one million industrial robots in use, compared with an estimated 50,000 service robots for industrial use [3] . Due to increase using of industrial robot arms, an evolution to that topic began trying to imitate human movements in a detail mode. For example a group of students in Korea made a design of innovations that robotic arm take account of dancing hand, weight lifting, Chinese calligraphy writing and color classification [4] . Another group of engineers at USA develop eight degrees of freedom robot arm. This robot is able to grasp many objects with a lot of shapes from a pen to a ball and simulating also the hand of human being [5] . In space, the Space Shuttle Remote Manipulator System, known as SSRMS or Canadarm, and its successor is example of multi degree of freedom robot arms that have been used to perform a variety of tasks such as inspections of the space shuttle using a specially deployed boom with cameras and sensors attached at the end effector and satellite deployment and retrieval manoeuvres from the cargo bay of the space shuttle [6] .
In Mexico, Scientists are on track to design and develop many robot arms, and the Mexican government estimates that in Mexico there are about 11,000 robotic arms used in different industrial applications. However, the experts think that the apogee of the robot arms is not only of higher quality, but also accurately, repeatability, and stumpy cost.
Most robots are set up for an operation by the teachand-repeat technique. In this mode, a trained operator (programmer) typically uses a portable control device (a teach pendant) to teach a robot its task manually. Robot speeds during these programming sessions are slow.
The present work is part of a two-phase project, which requires a mobile robot to be able to transport the tools from the storage room to the industrial cell. In this phase in the project, which carried out at Monterrey University of Technology, Mexico, the main focus was to design, development and implementation of an industrial robotic arm with stumpy cost, accurate and superior control. This robot arm was designed with four degrees of freedom and talented to accomplish simple tasks, such as light material handling, which will be integrated into a mobile platform that serves as an assistant for industrial workforce.
Mechanical Design
The mechanical design of the robot arm is based on a robot manipulator with similar functions to a human arm [6] [7] [8] . The links of such a manipulator are connected by joints allowing rotational motion and the links of the manipulator is considered to form a kinematic chain. The business end of the kinematic chain of the manipulator is called the end effector or end-of-arm-tooling and it is analogous to the human hand. Figure 1 shows the Free Body Diagram for mechanical design of the robotic arm. As shown, the end effector is not included in the design because a commercially available gripper is used. This is because that the end effector is one of the most complex parts of the system and, in turn, it is much easier and economical to use a commercial one than build it. Figure 2 shows the work region of the robotic arm. This is the typical workspace of a robot arm with four degree of freedom (4 DOF). The mechanical design was limited to 4 DOF mainly because that such a design allows most of the necessary movements and keeps the costs and the complexity of the robot competitively. Accordingly, rotational motion of the joints is restricted where rotation is done around two axis in the shoulder and around only one in the elbow and the wrist, see Figure 1 .
The robot arm joints are typically actuated by electrical motors. The servo motors were chosen, since they include encoders which automatically provide feedback to the motors and adjust the position accordingly. However, the disadvantage of these motors is that rotation range is less than 180˚ span, which greatly decreases the region reached by the arm and the possible positions [9] . The qualifications of servo motors were selected based on the maximum torque required by the structure and possible loads. In the current study, the material used for the structure was acrylic. Figure 3 shows the force diagram used for load calculations. The calculations were carried out only for the joints that have the largest loads, since the other joints would have the same motor, i.e. the motor can move the links without problems. The calculations considered the weight of the motors, about 50 grams, except for the weight of motor at joint B, since it is carried out by link BA. Figure 4 shows the force diagram on link CB, which contains the joints (B and C) with the highest load (carry the links DC and ED) and the calculations are carried out as follows. (1)- (4). Similarly, performing the sum of moments around point C, Equation (5), and point B, Equation (6) , to obtain the torque in C and B, Equations (7) and (8), respectively.
3.554 Nm 503.38 oz in
The servo motor that was selected, based on the calculations, is the Hextronik HX12K, which has a torque of 280 oz/in. This motor was recommended because it is much cheaper than any other motor with same specifications. Since we need more torque at joint B, see Equation (8), we used two motors at point B to comply with the torque requirements; however, one motor is enough for the other joints. Using two motors at joint B is much cheaper than using one big motor with 560 oz/in. Other relevant characteristics of the motors, which can be shown in Figure 5 , are that they can turn 60 degrees in 130 milliseconds and they have a weight of 47.9 grams each.
Once the initial dimensions for the robot arm and the motor were defined, the design were carried out using the SolidWorks platform; design should carefully take into account the thickness of the acrylic sheet and the way that the pieces would be attached to each other. The acrylic sheet used to make the robot is 1/8 thickness and Copyright © 2011 SciRes. MME that thin sheet was chosen because it easier for machining and less weight with a good resistance. During design, we faced some difficulties due to the way of joining thin acrylic parts strongly. It was needed tools to burn and join the acrylic parts and that weren't available and the team considered that a mechanical junction based on screws and nuts would be much strong than other alternatives, such as glue for example. In order to accomplish this, a small feature was designed which allowed to fasten the bolts with the nuts without having to screw in the thin acrylic layer. The result of this process was the tridimensional design shown in Figure 6 .
By end of design, each part was printed in full scale in cardboard paper and then we verified all the dimensions and the interfaces of the assembly. In turn, we built the first prototype of the robot arm. Next, parts of the robot arm were machined from the acrylic sheet using a circular saw and Dermal tools. The detailing on the parts was done in a professional workshop since the parts of robot arm were too small and it is not an easy for accomplishing such small and accurate cuts.
During assembling the robot parts with the motors, few problems pop up. There were critical points that did not resist the fastening and, in turn, may break down; hence, reinforcements in these points were considered. The final result of the robot arm is shown in Figure 7 .
Robot Arm Inverse Kinematics
To validate the right positioning of the robotic arm, inverse kinematics calculations are carried out. Such calculations are used to obtain the angle of each motor from a position given by using the Cartesian coordinate system, as shown in Figure 8 . Each motor will have a specific function: the motor located in the A union positions the final element in the y axis, the motors B and C positions the final element in the x and z axis.
The problem was simplified by using the xz plane, as shown in Figure 9 . In which the following known values were defined [9] : Using trigonometry relations, as shown in Figure 9 , the motor angles θ 2 and θ 1 are obtained, as seen in Equations (9) and (10). 
The motor B is going to use θ 1 and the motor C is going to use θ 2 . The angle for the motor A is calculated as seen in Equation (11). With these calculations, the angles of servomotors are obtained and in turn they take the action to move the whole structure to the specific position.
End-Effector Selection
The end effector is probably one of the most important and most complex parts of the system. Wisely, it is much easier and economical to use a commercial one than build it. The end effector varies mainly according to the application and the task that the robot arm accomplishes for; it can be pneumatic, electric or hydraulic. Since our robot arm is based in an electric system, we may choose electric basis of end effector. Besides, the main application of our system is handling, accordingly, the recommended type of our end effector is a gripper, as shown in Figure 10 . Please note that the end effector is controlled by a servo motor and, in turn, the total servo motors used for our robot arm will be 5 motors that move the structure. 
Robot Arm Control
The robot arms can be autonomous or controlled manually. In manual mode, a trained operator (programmer) typically uses a portable control device (a teach pendant) to teach a robot to do its task manually. Robot speeds during these programming sessions are slow. In the current work we enclosed the both modes.
The control for the presented robot arm consists basically of three levels: a microcontroller, a driver, and a computer-based user interface. This system has unique characteristics that allow flexibility in programming and controlling method, which was implemented using inverse kinematics; besides it could also be implemented in a full manual mode. The electronic design of control is shown in Figure 11 .
The microcontroller used is an Atmega 368 which comes with a development/programming board named "Arduino", as shown in Figure 12 . The programming language is very similar to C but includes several libraryies that help in the control of the I/O ports, timers, and serial communication. This microcontroller was chosen because it has a low price, it is very easy to reprogram, the programming language is simple, and interrupts are available for this particular chip.
The driver used is a six-channel Micro Maestro servo controller board. It supports three control methods: USB for direct connection to a computer, TTL serial for use with embedded systems, such as the Arduino microcontroller, and internal scripting for self-contained and host controller-free applications. This controller, as shown in Figure 13 , includes a 0.25 μs resolution for position and built-in speed and acceleration control. The user interface depends on the control method used, i.e., inverse kinematics or a full manual mode. In the following, each interface is described:
Inverse Kinematics Control
In this control method, the user inputs the coordinate system position where the gripper should be. As consequence, interface is generated with Labview through a visual user, as shown in Figure 14 . The program automatically performs the inverse kinematics calculations to obtain the angles that each motor should have and then sends a command either to the microcontroller or directly to the driver that will move the robot to the specified position. Communication is performed with the RS-232 protocol. In the following, you may see the Labview user interface inputs and output.
The Such output variables are treated and sent by an appropriate way, so that information can be interpreted in a correct manner. The outputs are sent via the serial port which is communicated with the controller. When the button "Move" is clicked, a process will take place, as shown in Figure 15 . With this action, the robotic arm will change its position according to the input values. In addition, it has a standby button that stops the communication controller. The main advantages of this approach are that it uses an efficient way of moving and offers further capabilities that could be implemented, such as position and sequence learning. A disadvantage, on the other hand, is that the possible positions that have valid angles after the inverse kinematics calculations are very limited because the servo motors have a restraint of 180˚.
Manual Control
This type of control is an extra option for our system that useful in specific positions. In case of mandatory positions that the inverse kinematics mode cannot calculate their valid angles, we may use the manual control instead. Basically, manual control consists of a series of analog inputs, such as potentiometers, that are connected with the microcontroller which will interpret the values and send a command to the servo driver. In order to implement this, a control board, as shown in Figure 16 , should be built to work as an interface with the user. Possible implementation includes a teaching feature where the microcontroller stores positions in memory and by a keypad or a series of switches we may recall these positions.
Testing and Validation
Several tests were carried out to validate the robot arm and its components. The testes covered both the particular elements and the overall system, as shown in Figure 17 . For the microcontroller, the tests are occurred by sending different commands by the software to the microcontroller and check changes on the output which was connected to a servo motor that turned on or off depending on the command.
The servo motors were tested afterwards by sending different direct pulses to each servomotor and verifying the response of moving to the right position. We used a mark to know where the initial position was and the final position of the motors is determined by sending a signal with the microcontroller and, in turn, it is interpreted by the servo and compared to the signal provided by the encoder, resulting in the rotation to the desired position. During this test, the servo motor was inconsistence with the robot arm system because of an incorrect polarization.
The servo motor driver was also tested using the Labview software to send commands to the microcontroller which sent the specific commands to the driver which had one motor connected to change the position according to the commend. It is important to notice that at the beginning of the project a different servo motor driver was selected but several problems related to the communication between them and the microcontroller were present. So we choose a driver that allows the data to be sent directly from the computer to it with only a USB wire, so the microcontroller would only be used in case of the implementation of manual control.
Other tests were performed to verify the functionality of the whole system, as shown in Figure 18 . Those tests were occurred by introducing a specific position in the Labview interface and measuring the distance between a reference point and the final point in order to verify: the correct transformation from inverse to direct kinematics, the relationship between the specified angles and the rotation of the motors.
Testing and validation of the robot arm is one of the tasks that require elongated time because several iterations are needed. During our tests, many problems arise as: wrong angle calculations, wrong calibration of the motors, problems with the physical angle and position measurements, and one of the servo motors burned because of an overload that wasn't expected.
Results and Discussions
Results from the robot arm at different operating conditions are presented as follows:
Servo Motors Movement Range
The limits of the servo motors were obtained since specification of this type of motors contains that it has less than a 180 degree span. The real range for all motors was found to be in the range 125 -142 degrees, as shown in Table 1 . This clearly demonstrated that real operation of robot arm is different from the stander case. 
Current Consumption
The current consumption depends on the load and the type of motion of the robotic arm. In the current study, there are 4 levels of current consumptions:  Low (from 0 to 200 mA). This consumption takes place when the robot is at rest (not motion case).
• Normal (from 200 to 500 mA). This happened when the robot arm is moving with capability to go to the target without needs of great torque.
• High (from 500 mA to 900 mA). This range is reached at the beginning of carrying loads. By overcoming the initial moment of inertia for loads, the normal range takes a place.
Over current (more than 900 mA). The load is too heavy and the motor cannot move at all. For being under this condition for more than one minute, the motor will burn, i.e. it is not possible to be used any more.
Maximum Load
These results were obtained using different weights; a bag of corn was used with a scale to determine bag' weight. Results carried out by using the robot arm to pick up the bag and move it to specific positions. Table 2 presents the current consumption at different weights of bag of corn. From Table 2 , it can be seen that the robot can move without problems at loads lower than 50 grams. At loads 60 grams, the robot arm start having difficulties and after passing 80 grams severe condition occurred where ireversible damage could be happened in motors.
Final Position
Results show the precision of the robot arm to move different weight (<50 grams) is presented in Table 3 . As shown, the robot arm is able to perform the movement to the position specified. However, this movement is not smooth and sometimes the motors do not have enough force, especially when the load is heavy. In addition, some problems may appear due to synchronizing the two bottom motors. The steps of the two motors were not coincidental and that causes tension in the acrylic parts, which in case of being too much will break the parts. 
Conclusions
This paper presents the design, development and implementation of robot arm, which has the talent to accomplish simple tasks, such as light material handling. The robot arm was designed and built from acrylic material where servo motors were used to perform links between arms and execute arm movements. The servo motors include encoder so that no controller was implemented; however, the rotation range of the motor is less than 180º span, which greatly decreases the region reached by the arm and the possible positions. The design of the robot arm was limited to four degrees of freedom since this design allows most of the necessary movements and keeps the costs and the complexity of the robot competitively. The end effector is not included in the design because a commercially available gripper is used since it is much easier and economical to use a commercial one than build it. During design, we faced some difficulties due to the way of joining thin acrylic parts strongly. A mechanical junction based on screws and nuts is used and in order to accomplish that, a small feature was designed which allowed fastening the bolts with the nuts without having to screw in the thin acrylic layer.
To control the robot arm, three approaches are implemented: a microcontroller, a driver, and a computer-based user interface. This system has unique characteristics that allow flexibility in programming and controlling method, which was implemented using inverse kinematics; besides it could also be implemented in a full manual mode. This robotic arm is contrast with others as being much cheaper than available robot arms, also it can be controlled all of its movements from a computer, using a Labview interface. Several tests were carried out to validate the robot arm where the testes covered both the particular elements and the overall system; results at different operating conditions show trustful of the robot arm presented.
